The key contribution is the design, analysis, and fabrication of a dual-element off-axis magnifier to improve the state of the art in catadioptric magnifiers. The catadioptric magnifier is composed of a free-form mirror and a lens with a diffractive optical element. A monocular magnifier was prototyped, to our knowledge for the first time, with the specifications of an 8 mm exit pupil, 20°diagonal full field of view, 15 mm eye clearance, 1.5 arcmin resolution, and operating in the photopic visual regime.
The design of compact magnifiers is important in applications such as mobile information displays [1] . The applications of the design presented in this Letter are personal information management, reading or writing notes and e-mails, watching multimedia content, and visual overlays assisting the task at hand. The optical magnifier presented in this Letter is intended to be coupled monocularly with the human visual system under photopic conditions.
A single spherical surface configured in an off-axis manner was proposed by Bettinger [2] . Holographic optical elements (HOEs) were applied to the eyeglass-based display problem. A head-worn display with a 3 mm exit pupil and a 27°ϫ 10°field of view, operating at the single wavelength of 532 nm, was designed based on a HOE and was fabricated [3] . However, full color (red, green, and blue) displays based on HOEs are currently a challenging research problem. A second alternative in the design of compact optical magnifiers is to use a laser source and to scan the image onto the retina. However, as can be explained by the Lagrange invariant, the exit pupil of such a scanner is small, and pupil expansion mechanisms are required. Pupil expanders add additional complexity and size to the whole system, which deviates from the goal of compact magnifiers with high image quality.
Our approach is to consider one or two element magnifier designs and explore their performance and field of view limits. The design form presented in this Letter is an off-axis magnifier that folds the optical axis around a human head while providing the necessary clearances. The symmetry around the ray connecting the centers of the image, object, pupils, and vertices of the elements is broken because of the asymmetries in the free-form mirror, classifying this system as off axis. It is necessary to study the minimum fold angle to keep the incidence angles of the rays on the mirror as small as possible. In the case of a magnifier composed of the minimum number of optical elements, exploiting the degrees of freedom in free-form surfaces, such as the local anamorphisms, leads to compact off-axis magnifier designs like those presented in this paper. We are using the term "freeform" in reference to surfaces that are nonrotationally symmetric; examples of free-form surfaces include x -y polynomials or Zernike polynomials. Recent advances in diamond turning technology facilitate the fabrication of non-rotationally-symmetric free-form surfaces.
A single x -y polynomial surface mirror configured for an 8 mm exit pupil, 20°field of view, and 15 mm eye clearance, can only be tilted up to about 6°based on a modulation transfer function (MTF) metric. The polychromatic MTF drops below the desired 20% mark at the Nyquist frequency imposed by the microdisplay pixel spacing for tilt angles larger than 6°.
A dual-element solution needs to be considered to achieve a larger tilt angle. Adding a lens closer to the microdisplay improves the level of aberration correction of the field-dependent aberrations for the off-axis configuration. In our implementation, the lens closer to the microdisplay contains a diffractive optical element (DOE). An early feasibility study of the dualelement solution was presented at the International Optical Design Conference [4] . The new contributions in this paper include a full hardware implementation of the design for one eye, a demonstration of the imaging capability of the optics, and an analysis of the DOE. The optical layout is shown in Fig. 1(a) and consists of an 8 mm exit pupil, a free-form mirror, a hybrid refractive-diffractive lens, a flat fold mirror and a transmissive microdisplay. The free-form mirror is tilted at 34°in the x -z plane with respect to the optical axis of the human eye. We found this angle to be the minimum tilt angle that can provide the necessary clearances around a human head based on a database of publicly available CAD models of human heads [5] . Typically, in a head-worn display the pupil of the human eye is the aperture stop of the system; therefore the aperture stop and the exit pupil coincide in this system. Even though magnifiers do not form exit pupils, it is customary to optimize these systems across a finite pupil size that is larger than that of the human eye to accommodate natural eye movements. Since under photopic illumination the pupil of the human eye is about 3 mm, it is customary to conduct the analysis for a 3 mm eye pupil for both centered and decentered pupils. The polychromatic MTF evaluated for a centered 3 mm pupil is plotted in Fig. 1(b) for the on-axis field and the performance-limiting fields. The MTF across decen-tered pupils up to 6 mm in various directions displayed a performance similar to the centered pupil MTF. A red, blue, and green microdisplay pixel triplet is 14.1 m in size, which yields a Nyquist frequency of 35 cycles/ mm. Thus the polychromatic MTF was plotted up to 35 cycles/ mm. In the current prototype, the microdisplay has a 0.44 in. diagonal and contains 640ϫ 480 pixels. In visual space, the display provides 1.5 arcmin of resolution as limited by the pixel spacing on the microdisplay. It may be noted that a calculation of the Nyquist frequency given a 2.5 m cone spacing of the human visual system yields a 1 arcmin resolution limit for the human visual system. The magnitude of maximum distortion occurs at (x = 8.2°, y = −6.2°) in the field and was measured in simulation to be −3.8%. Figure 1(c) shows a plot of the real rays compared with the paraxial rays.
The optimization strategy was based on imposing the absolute minimum number of constraints on the system. Specifically, we optimized with the focal length, eye clearance and ray-based distortion constraints, since these form the minimum set of constraints. The focal length was constrained to a target value of 32 mm. The eye clearance was constrained to equal 20 mm. Optimization variables included the spacings between the elements and the surface coefficients.
To assess manufacturability, the sag range on the free-form mirror at 23 mm, at the edge of the mirror where maximum sag occurs, was computed to be 80 m from the best-fit sphere. We used a 3 mm thick PMMAO material as the substrate for the freeform polynomial mirror. Plastic was selected because plastics are lighter in weight than typical glasses. The profile of the fabricated x -y polynomial surface was described by the following polynomial:
where c is the vertex curvature, r 2 equal x 2 + y 2 , k is the conic constant, and C j are the coefficients of the various x m y n terms. This surface was fabricated with a Moore 350 UPL with c axis (slow slide servo).
The lens consists of a spherical surface and an aspheric surface with a DOE. It was found that the aspheric substrate improved the level of aberration cor- rection. The lens was built out of Zeonex Z-ER48 material [6] . Diamond turning can produce the aspheric substrate along with the DOE at no additional cost. The DOE was configured to operate in the +1 diffracted order. The focal length of the DOE was given by −0.5/ c1, where c1 is the quadratic phase coefficient of the DOE. In our case, the DOE contributes about 5% of the optical power on the plastic lens. The diffractive element can be viewed as a Fresnel zone plate. It is possible to use the focal length of a Fresnel zone plate, the Abbe number, and the relation for optical power to show that the Abbe value of a DOE in the visible is about −3.5 [7] . Therefore DOEs exhibit dispersion complementary to that of optical glasses and plastics, and they can be used in color correction. The profile of the hybrid lens was defined by an aspheric component whose coefficients were initialized to be zero and were allowed to vary during optimization.
The periodic grating structure of the DOE was defined by a phase function , given by
where 0 is the design wavelength (558 nm in our design). Coefficients c i ͑i =1...4͒ were initialized to zero and were allowed to vary. The DOE and the aspheric surface were placed on the side toward the free-form mirror. The diffractive element was fabricated with 198 rings and a minimum feature size of 19 m. The step height at the design wavelength of 558 nm is 1 m. The radius of the DOE element is 28 mm. Diffraction efficiency at the wavelength of 550 nm is 98.7% and is above 90% across 490-635 nm for 16 mask levels in the case of a lithography-based process. The hybrid lens was fabricated by using diamond turning, and we can expect a diffraction efficiency equivalent to at least a 16 layer process, given that it is possible to fabricate 256-level DOEs by using diamond turning [8] . The hybrid lens was fabricated with a Precitech nanoform 350 two-axis diamond turning lathe. The distance between the center of the pupil and the vertex of the free-form mirror is 20 mm. The distance between the vertex of the freeform mirror and the vertex of the hybrid lens is 29.5 mm. The distance between the spherical surface of the hybrid lens and the fold mirror is 9 mm, and the distance between the fold mirror and the microdisplay is 14 mm. The axial color was extracted from the longitudinal spherical aberration plot and was measured to be approximately 20 m. The maximum lateral color was measured to be 7.2 m in the (x = −8.2°, y = −6.2°) field. The detailed lens prescription, including the surface coefficients, is provided in a U.S. Patent application [9] . The assembled design is shown in Fig. 1(d) . Color and black and white images formed by the dualelement off-axis magnifier are shown in Figs. 2(a) and 2(b). The whole assembly weighs approximately 250 g, including the outer shell, optics, optomechanical mounts, microdisplay, and the microdisplay driver electronics circuit board.
